Abstract-In this paper, a new intelligent control approach for high-speed quadruped bounding and galloping gaits is presented. The controller is capable of learning the leg touchdown angles and leg thrusts required to track the desired running height and velocity of a quadruped in only one stride. Training of the controller is accomplished not with a mathematical model, but with simple rules based on a heuristic knowledge of the quadruped mechanics. The result is a controller that produces better velocity and height tracking characteristics than a Raibert-based controller and is robust to modeling errors. Additionally, by making use of the natural dynamics of the system, gait characteristics comparable to biological quadrupeds result. The status of a legged machine being constructed for demonstration of the control approach and further study of the characteristics of galloping is also presented.
Intelligent Control of Quadruped Gallops I. INTRODUCTION W HILE there has been considerable work on implementing legged machines that make use of statically stable walking gaits and, to a lesser degree, the dynamically stable trotting gaits used at intermediate speeds, less is understood about the dynamically stable running gaits used by animals at high speeds. In particular, there has been little work on the gallop gaits, which are almost universally used by biological quadrupeds for high-speed locomotion. In this work, the authors extend the fuzzy systems approach to the control of a high-speed bounding gait presented in [1] to the control of galloping and provide details about a galloping machine under construction.
The most extensive study of dynamically stable legged machines to date was conducted under Raibert [2] . His intuitive control ideas developed for a planar monopod with a springy leg were extended to three-dimensional (3-D) hoppers, as well as to bipeds and quadrupeds. Raibert's quadruped paced, trotted, and bounded, but never galloped [3] . Other researchers have also constructed dynamically stable legged machines. OLIE, a one-legged hopper, demonstrated the feasibility of electrically actuated articulated legs [4] . Another robot, the quadruped SCAMPER, ran by controlling the position or velocity of leg joints at different stages of the locomotion cycle [5] , while the SCOUT line of quadrupeds have exhibited good mobility in spite of having only one actuated degree of freedom per leg [6] , [7] . Other contributions have included theoretical studies by Berkemeier that illustrated the passive stability of quadrupedal running in place [8] and a control strategy for running jumps developed by Wong [9] .
Most previous work on quadrupedal running machines has focused on paired-foot gaits, such as the trot and bound. The gallop, however, is a single-foot gait, in that the feet are touched down individually. Nanua [10] developed a control approach which stabilized a two-dimensional (2-D) quadruped with massless legs, while Ringrose [11] found that a quadruped can be self-stabilizing in many gaits, including the gallop, if equipped with specially shaped, rounded feet. The quadruped model in this work includes leg mass, but does not include the special feet of Ringrose because animals do not appear to rely on this control mechanism. Herr and McMahon recently developed control approaches for both planar trotting and galloping [12] , [13] . The approaches required that a number of parameters be tuned by hand at each velocity. Also, the capability to change speeds was not developed. Intelligent control systems, in which automated learning is a natural part, provide a mechanism with which to avoid such hand tuning of parameters [14] . However, the application of intelligent control approaches to legged vehicles has been limited.
Previous applications of intelligent control schemes in legged locomotion include the use of neural networks for generating leg trajectories [15] and statically stable gaits [16] , [17] . Raibert experimented with a tabular approach to selecting the leg touchdown angle for a monopod. The desired leg touchdown angle was computed by searching a table for the touchdown angle that would minimize an error function based on desired and actual liftoff states [18] . More recently, others have implemented a fuzzy clustering method that uses learning by examples to select joint torques for the takeoff control of a monopod jumper [19] . Both of these approaches ( [18] and [19] ) offer the capability to learn from examples, but lack the capability to include human intuition about the problem in the controller. The success of Raibert's earlier control approaches reveal how valuable this intuition can be.
In this work, fuzzy control techniques are developed to control both quadrupedal bounding and galloping. More specifically, direct adaptive fuzzy controllers are developed [14] . The approach is motivated by the ability of fuzzy systems to implement nonlinear mappings between inputs and outputs, such as exist between foot placement and velocity in a running machine. Additionally, an exact mathematical model is not required for control, although a good physical understanding of the system Fig. 1 . High-speed transverse gallop of a horse [21] .
is of course needed. In contrast to the learning-by-example approaches used in [18] and [19] , the fuzzy controller presented in this work permits both online learning and inclusion of heuristics in the form of training rules. The approach is similar to [20] , in which the inverse of an approximate return map is solved by numerical methods to produce deadbeat control of a monopod. In the current work, however, the inverse return map for a running quadruped is trained into a fuzzy system using intuitive heuristics, thus avoiding the mathematical complexities inherent even in the monopod.
In the following section, galloping gaits are defined and gait characteristics are given. In Section III, the quadruped model used in the simulation study is presented. Section IV provides the details of the fuzzy control system, while simulation results are presented in Section V. In Section VI, design details of the quadruped under construction are given. Finally, Section VII provides a summary and conclusions.
II. OVERVIEW OF GALLOPING GAITS
There are two distinct galloping gaits, known as transverse and rotary. Fig. 1 , reproduced from Gambaryan [21] , depicts a high-speed transverse gallop. The two hind feet are placed in sequence, with placement of the second hind foot followed by that of the contralateral front foot and then finally by the remaining front foot. That is, the front feet follow the same left-right or right-left sequence as the hind feet. In a high-speed transverse gallop, there is typically a flight phase in which all four feet are off the ground following the lifting of the front feet and before placement of the hind feet. This is referred to as the gathered flight phase because the legs appear to be gathered together under the body. There may be a second, shorter flight phase following the lifting of the hind feet and before placement of the front feet. This flight phase is referred to as the extended flight phase, because the legs appear to be extended out from the body [21] .
A rotary gallop differs in that the left-right sequence of the front feet is the reverse of that of the hind feet. That is, placement of the second hind foot is followed by placement of the ipselateral front foot. The sequence of footfalls appears to rotate around the body, hence the name. Animals using the rotary gallop also display gathered and extended flight phases at high speed. There is no obvious explanation for the preference of transverse or rotary gallops, with extremely effective runners in the animal world providing examples of each. Note that bounding, a gait not generally used by large, cursorial animals, is a singular form of galloping in which left and right legs are paired to act in unison.
It has been demonstrated that the transitions from walk to trot and from trot to gallop take place at approximately similar values of the Froude number for a very wide variety of animals [22] . The Froude number [22] is given by (1) where is the velocity of locomotion, is gravitational acceleration, and is a characteristic length, such as the height of the hip joint from the ground when standing. Additional experiments have shown that, as animals accelerate through the trot-to-gallop transition, the rate of increase of metabolic energy consumption with speed decreases [23] . Thus, it is energetically attractive for an animal to use a gallop for high-speed locomotion. The same conclusion has been reached through simulation of a very simple, planar quadruped model [24] .
Because there is a maximum rate at which a leg may be returned, the number of legs that are in the return phase at any given time largely determines the speed at which a legged system can travel. The larger the number of legs in return, averaged over the stride cycle, the faster the speed. This law was first formulated in the context of statically stable locomotion [25] , but it is equally applicable to dynamic locomotion.
In a trot, the use of the legs in pairs implies that the average number of legs in return varies from somewhat less than two, in a slow trot for which there are periods when all four feet are on the ground, to somewhat more than two in a fast trot with short flight phases between lifting one leg pair and placing the next. In a gallop, the single-foot support characteristic indicates that the average number of legs in return will be approximately three. In fact, it is somewhat less than three in a canter, and increases to more than three in a fast gallop with significant flight phases.
The appearance of flight phases has the effect of increasing stride length, the distance that is covered in each stride period. It is almost solely through this increasing of stride length that galloping quadrupeds increase their speed, as stride frequency can increase by as little as ten percent over a doubling of speed [26] . Flight phases have the effect of decreasing the fraction of the cycle period that each foot is on the ground, thereby increasing the average number of legs in return. Very fast runners display very long flight phases.
III. SIMULATION MODEL
The simulation model used for developing the control approach is presented next. Experimental studies of animal locomotion have shown that velocity components perpendicular to the major plane of progression are relatively small in running and jumping [27] . A planar model, originally developed by Wong and Orin [28] , is therefore used in order to focus on controlling the major motion components. This is the same approach taken in [13] . However, as the additional motion components present in a full three-dimensional model contribute to the leg phasing of a gallop [29] , future work to control these motion components may provide further insight into the optimal leg phasing of the current controller.
The simulation model is shown in Fig. 2 . The legs consist of an upper leg mass, actuated by a torque at the hip, and a lower leg mass. The lower leg mass is actuated by an ideal linear position actuator in series with a linear spring and damper combination. The leg springs, which were also included in the running machine designs of Raibert [2] , increase energy efficiency by providing for an elastic rebound from the ground [30] . Both leg masses are 0.3 m in length, with the center of mass located at the geometric center. Parameter values are provided in Table I , with the inertia for each body given about the center of mass.
A planar, horizontal ground is modeled using the Decoupled Tree-Structure Approach [31] . With this method, contact forces at the feet are computed using stiff springs and dampers. The A planar implementation of the Articulated-Body Algorithm [32] was customized for the quadruped to optimize simulation speed. Computational efficiency is particularly important in this work due to the need to train the fuzzy controller described in the following section.
IV. FUZZY CONTROL SYSTEM
The structure of the direct adaptive fuzzy control system [14] is illustrated in Fig. 3 . The three main components of the system are the fuzzy controller, the process, and the adaptation mechanism. In this work, the fuzzy controller is not used to exercise continuous-time control over the quadruped. Rather, the fuzzy controller is called when the quadruped is at the top of its gathered flight phase [top of flight (TOF)] and supplies the required leg touchdown angles and leg thrusts in order to achieve a desired TOF height and change in velocity on the following stride. The leg thrusts are instantaneous changes in the leg length setpoints, applied when the spring of a supporting leg is maximally compressed. This added energy is used to overcome losses or to alter the energy in the system when modifying height or velocity.
The process represents one full stride of the quadruped. It includes continuous-time PD controllers to servo the legs to the touchdown angles computed by the fuzzy controller and ideal linear position actuators that implement the leg length setpoints computed by the fuzzy controller. The continuous-time controllers servo on the setpoints provided by the fuzzy controller, without performing continuous-time control over such variables as height or velocity. In fact, a hip or shoulder does not exert any torque when the corresponding leg is in stance. The control scheme thus permits the system to follow its natural dynamics, while the setpoints computed by the fuzzy controller are tuned in order to produce the desired height and velocity tracking characteristics. Finally, the adaptation mechanism monitors the process and alters the fuzzy controller to improve performance. 
A. Fuzzy Controller
The fuzzy controller has six inputs and five outputs. The inputs are the body pitch angle ( ), body pitch rate ( ), body height ( ), and forward velocity ( ) of the body center of mass at TOF for the current stride, along with the desired height ( ) and desired change in velocity ( ) for TOF of the next stride. The body height is defined as the vertical distance from the ground plane to the body center of mass. Desired change in velocity is used as an input rather than desired velocity, as it is infeasible for the quadruped to make large velocity changes in only one stride. Note that the state of the legs is not an input to the fuzzy controller, and thus, the effects of leg swing are considered as disturbances. The fuzzy controller outputs, explained in detail later in this section, include , , and to compute the leg touchdown angles and and to specify the fore and hind leg thrust lengths.
The first component of the fuzzy controller is the fuzzification block. Fuzzification is the process of computing the values of the input membership functions on each input universe of discourse. In this work, simple triangular input membership functions with saturation are used for computational efficiency. Fig. 4 illustrates the input membership functions for input . Note that is the center of membership function , for equal 1 to . The certainty of each membership function is 1 at its center, while the certainties of the adjacent membership functions just become 0. The membership function certainty computations are given in Table II , while the membership function centers for each input are provided in Table III . Table III indicates that ten membership functions are used for velocity, permitting the quadruped to run at speeds between 0.0 and 7.0 m/s. The large number of velocity membership functions have been chosen because the desired controller outputs are strongly dependent on velocity. The membership functions at lower velocities permit the quadruped to accelerate up to galloping speeds without the added complexity of implementing multiple gaits. They illustrate that the controller has no problem stabilizing a gallop at these speeds and are useful for examination of why the gallop is not a preferred low-speed gait. They would not be required in a quadruped in which low-speed gaits are implemented or in one which uses the controller described in [33] to leap into a running gait from rest.
Only two membership functions are used for the height variables, as the height is expected to stay within a relatively small range. Although not strictly needed because the controller drives body pitch at TOF to zero, nonzero pitch membership functions are included to provide stability in the face of disturbances such as uneven terrain. Pitch rate functions have been selected to cover the range of body pitch rates observed in simulations. Finally, velocity change functions permit reasonable velocity changes, saturating velocity change requests at 0.5 m s per stride. The membership function at zero velocity change is meant to aid steady-state running. No claims as to the optimality of this workable set of membership functions are made. Future studies may focus on the number of membership functions and the resolution provided.
The next component of the fuzzy system is the fuzzy rulebase. The fuzzy rule-base specifies the controller outputs for every possible combination of input membership functions. The total number of rules is computed as follows: (2) where is the number of inputs. Thus, equals 5400 ( ) for the system defined in Table III . Given five outputs per rule, with each output being a four-byte, floatingpoint number, the rule-base requires 108 000 bytes of memory.
The fuzzy inference mechanism determines the applicability of each rule to the current set of inputs. In this work, the product is used to determine the certainty that the premise of rule is currently applicable. The certainty of rule is then computed as follows: (3) where is a function of both and , and the input equals .
The final component of the fuzzy controller is the defuzzification block. Defuzzification is the process of combining the recommendations of each rule into a unique output based on rule certainties. Center average defuzzification is used in this work, such that the output of the fuzzy system is given by (4) where and are the premise certainty and the output, respectively, of rule . Note that and are vectors.
It may now be better understood why triangular input membership functions without center overlap have been selected. Equation (4) shows a summation over all 5400 rules. However, with the triangular membership functions, at most two membership functions per input are nonzero. Thus, only the ( ) rules with nonzero premise certainties must be computed for the summation of (4). This is significantly less than the 5400 rule certainties which would otherwise need to be computed. Additionally, while increasing the controller resolution by increasing the number of membership functions, and hence the number of rules, increases memory requirements, there will still only be at most 64 rules with nonzero certainties.
When galloping, the trailing leg of a left-right leg pair touches down first, followed slightly thereafter by the leading leg. (The leg "leads" in position not time.) This produces a separation between the feet of the leading and trailing legs in the direction of running. This leg phasing may be obtained by positioning the trailing and leading legs at slightly different angles relative to the vertical in preparation for touchdown. The trailing leg makes a smaller angle with the vertical and thus touches down first. The foot separation may be tuned within limits by varying the difference between the leg touchdown angles.
The leg touchdown angles are computed from the fuzzy controller outputs. Touchdown angles are defined as positive about the body axis (see Fig. 2 ), with zero being vertical. The first fuzzy output specifies the average leg touchdown angle of the four legs. The next output provides an offset from for computing the leg touchdown angles of the fore legs, while output serves the corresponding purpose for the hind legs. Outputs and are both positive quantities. The touchdown angles for the trailing and leading fore legs, and , are given as follows:
Likewise, the touchdown angles for the trailing and leading hind legs, and , are given as follows:
and (8) Note that, for bounding, the left-right leg pairs are in phase, so and are set to zero and are not needed as outputs of the fuzzy controller. The remaining two fuzzy outputs, the fore ( ) and hind ( ) leg thrust lengths, are the instantaneous changes in the leg spring setpoints applied when a leg is maximally compressed.
In controlling the major motion components of a galloping quadruped, which are present in the 2-D system, the controller uses the same thrust lengths for both legs in a left-right pair. Also, the average touchdown angle of the two fore legs is the same as the average touchdown angle of the two hind legs ( ). Thus, only five fuzzy controller outputs are required rather than eight. Additional outputs could be added if future work reveals that they are required for controlling the additional motion components present in the 3-D case.
B. Adaptation Mechanism
The adaptation mechanism monitors the system and modifies the fuzzy rule-base to produce the desired control aims. By modifying the rule outputs ( ) in the fuzzy rule-base, the adaptation mechanism makes the fuzzy controller learn the desired nonlinear mapping between controller inputs and outputs. It is in the design of the adaptation mechanism that human heuristics about controlling the quadruped are built into the control system. Note that this differs from more conventional fuzzy systems in that heuristics are designed into the controller's structure and learning mechanism rather than the rules themselves.
The following heuristic knowledge of the system mechanics is implemented in the adaptation mechanism:
• Increasing (decreasing) decreases (increases) change in velocity.
• Increasing (decreasing) fore and hind leg thrusts increases (decreases) the height at TOF. • Increasing (decreasing) fore leg thrusts while decreasing (increasing) hind leg thrusts increases (decreases) body pitch at TOF. • Increasing (decreasing) increases (decreases) the spacing between fore foot placements.
• Increasing (decreasing) increases (decreases) the spacing between hind foot placements. Thus, at TOF of a stride, the current state is compared to the desired state specified at TOF of the previous stride. A correction term for is computed as follows:
where is the desired change in velocity, is the actual change in velocity, and is an adaptation gain. The fore and hind leg thrust length correction terms and are computed as follows: (10) and (11) where and are the desired and actual heights, respectively, for the stride, is the body pitch in radians at TOF, and and are adaptation gains. The first terms in (10) and (11) correct for height errors, while the second terms provide stability by driving TOF pitch to zero. The adaptation gains have been tuned to provide for fast adaptation while remaining small enough to permit convergence of the outputs to their desired final values. Tuned values are rad/(m/s), m/m, and m/rad. The last two heuristics provide the means for tuning foot separation distance between leading and trailing legs. While Alexander has theorized about the different functions of the leading and trailing legs, his experimental results of galloping dogs have proven inconclusive [34] . An explanation of the separation may be found in [29] . In this work, the desired foot separation between leading and trailing legs for galloping is computed as a linear function of velocity with a slope of 0.05 s.
However, producing this foot separation while accelerating may require that a trailing leg touches down behind the vertical while the corresponding leading leg touches down in front of the vertical. This appears unnatural and presents problems for the controller. Therefore, tuning of foot separation distance is performed only when a trailing leg touches down forward of the vertical. For the fore legs, this is satisfied when . Under this condition, the correction term for the fore offset angle is computed as follows: (12) where is the desired separation of the fore feet and is the actual separation.
If , then the trailing fore foot touches down behind the vertical. Tuning to results in the trailing fore leg touching down vertically. However, has a minimum value of zero (negative values switch the leading and trailing legs), and negative values of may be required for hard acceleration. Therefore, when , is tuned to , where returns the larger of and . This results in the trailing leg touching down vertically during moderate acceleration, and a bound during hard acceleration. The correction term for the fore offset angle, , is then computed as follows for the condition :
The correction term for the hind offset angle is computed in an equivalent manner. Note that the adaptation gains in (12) and (13) have been tuned to maximize the adaptation rates while still permitting convergence to values that satisfy the training objectives. Bounding may be derived from galloping by setting the desired separation distances to zero, or by setting and to zero and eliminating their associated updates.
Rule outputs are modified only by an amount proportional to the rule certainties. In this manner, rules which are most applicable to the conditions that produced the output are modified by the largest amount. Rules that are only slightly applicable are modified little. Note that only the 64 rules that have nonzero premise certainties, and thus contribute to the output, are modified.
C. Training
While the fuzzy control system has the ability to adapt online to variations in parameters, the rule-base must be initialized before the quadruped can run in a continuous gait. This is required because the quadruped only adapts once per stride and would fall down before any adaptation occurs. Therefore, a training strategy is employed.
Initially, the fuzzy controller has no control knowledge such that all rule outputs are initialized to zero (legs vertical at touchdown and no thrusts). A training mode is used to train every rule at its center. Simulation initial conditions are repeatedly set to match the exact conditions for which the current rule to be trained is applicable. Once the control values are sufficiently learned for a given rule, training moves on to the next rule until all rules have trained.
For training, a rule is considered satisfactorily tuned when the following five conditions are met. Conditions (1)- (3) place restrictions on TOF velocity, height, and body pitch. Conditions (4) and (5) deal with achieving satisfactory leg phasing of the fore and hind legs, respectively. These conditions are satisfied if the foot separation distance is within 1.0 cm of the desired distance. However, permissible exceptions exist when the foot separation is less than the desired. The exceptions arise from the control aim to not place the trailing foot in a pair behind the vertical without the leading foot. If is greater than zero, a trailing leg must touch down within one degree of the vertical. However, if is less than zero, the magnitude of the offset angle must be less than one degree, such that the legs in a pair touch down in unison behind the vertical. Note that conditions (4) and (5) are not needed for bounding if and are set to zero. Training performance is improved significantly by initializing the training for each rule with the results of the most similar previously trained rule. Additionally, "simple" rules are trained before more difficult ones. This means that low body pitch, pitch rates, and velocities are trained prior to higher values. The first rule trained has the quadruped dropped straight down from a low height, with no initial pitch, pitch rate, desired velocity change or desired change in height. Next, the initial pitch angles are cycled through, each initialized with the previous smaller one. This is followed by cycling through all the pitch angles with increasing initial pitch rates. Height, velocity, desired height, and desired velocity changes are next cycled through in a similar manner. Training of the rule-base requires approximately 58 000 simulated strides for bounding and 98 000 strides for galloping. On a 1.8-GHz Pentium IV computer, the bounding controller may be trained in under 10 min and the galloping controller in under 15 min. Efficient simulation is a necessity to keep training time to a minimum.
V. RESULTS
In this section, simulation results of the new fuzzy control approach are presented. Results of the fuzzy control approach to bounding are first compared to those of a modified Raibert controller (MRC), based on controllers in [2] . This is done for bounding and not galloping because Raibert never developed a galloping controller. The MRC computes the forward foot touchdown position relative to the hip for each leg as follows: (14) where previous stance time for the leg; TOF velocity; desired TOF velocity; control gain m m/s . The leg thrust for stride , , is the same for both the front and the back legs. The MRC has a simple integral height controller implemented as follows: (15) where desired height for previous stride; height for previous stride; control gain m/m . The control gain has been tuned to provide a fast yet stable response to step height changes when running at 5 m/s. Tuning of the controller's gain has been performed using the velocity and height profile in Fig. 5 . Note that the values plotted reflect only the quadruped state at TOF. Increasing the gain further reduces the velocity errors produced by the MRC controller, but it also increases the spikes in height, due to velocity changes, to levels deemed unreasonable. The fuzzy controller tracks the velocity profile in Fig. 5 very closely, while not experiencing the destabilizing spikes in height of the MRC.
Next, both controllers are presented with a desired height-velocity profile that includes an isolated velocity change, an isolated height change, and a simultaneous velocity and height change. The results, which show the continuous state of the quadruped rather than TOF values, are presented in Figs. 6 and 7. Note the natural oscillations in the actual values which are expected for bounding gaits. The MRC shows significant increases in height when decelerating, as the excess energy must first be converted into height and then dissipated by the height controller. Also, the MRC is unable to increase height when accelerating at the 15-s point. This is a result of the extra energy injected by the height controller, to increase height, being consumed by the velocity controller to increase speed. The height setpoint is only achieved after a constant speed is reached. The large velocity errors exhibited by the MRC are quite similar in size to those reported by Raibert in [3] .
The fuzzy controller results in Fig. 7 reveal a near deadbeat response, tracking changing inputs at TOF of the following stride without disturbing the others. Note that a one stride lag ( s) is expected between the desired and actual profiles. This results because desired inputs, used to compute control values at TOF, achieve their effect at TOF of the next stride.
Another result illustrates the robustness of the controller to variations in model parameters. A simplified dynamic quadruped model, which includes the legs only as point masses at the hips, was used to train the fuzzy controller. This simplified model had been used for initial controller development because its faster simulation time permitted rapid training of the entire fuzzy rule-base. This controller was then implemented for the full model of the quadruped, representing a quite significant change in model parameters. Results are shown in Fig. 8 . Note that at first ("initial") the quadruped is not achieving the desired height, possibly because leg thrust in the simplified model is not needed to overcome the energy loss of foot impact. Also, after the desired steady state height is achieved, height disturbances still remain at the velocity steps. After 2500 s (50 velocity square wave cycles), the fuzzy controller has sufficiently modified the rules involved in the velocity change such that the disturbances are gone. The quadruped then tracks the profile as shown by the "trained" result in Fig. 8 .
The next series of results pertain to the steady-state running characteristics of the galloping model. An important question is whether the model implements a gallop gait that captures the essential features of the gallops used by biological quadrupeds. Fig. 9 provides screen captures of a complete stride of the galloping simulation. Comparison with Fig. 1 shows that the simulated gallop is qualitatively very similar to that of a horse.
Heglund and Taylor [26] have found that galloping animals produce different speeds by varying stride length, with rela- tively little variation in stride frequency or period. In Fig. 10 , the stride period of the quadruped for galloping and bounding is plotted versus steady state running speed. The stride period is nearly constant, varying from 0.46 s by only 10.0 ms for both bounding and galloping at typical running speeds. A feature of the controller is that it lacks any continuous-time control over the state of the quadruped body, such that the natural dynamics of the system are followed. The constancy of the stride period suggests that the simulated galloping machine may take advan- tage of the same natural dynamics of galloping that animals do.
Further evidence of this is that the controller naturally produces a gallop in which the gathered flight phase dominates the extended flight phase, as has been observed in animals [21] . Specific resistance is plotted versus velocity for both galloping and bounding in Fig. 11 . Note that specific resistance is a dimensionless measure of energy efficiency given by (16) where is the average power, is the weight, and is the average velocity. Additionally, specific resistance at zero velocity is actually infinite. A simple actuator model is used that computes power supplied to a leg swing actuator as the absolute value of the mechanical output power of the actuator. The average power supplied to a leg thrust actuator equals the energy injected into the leg spring during thrust divided by the stride period. In general, the total power is dominated by the leg thrusts. Fig. 11 reveals that galloping is more energy efficient than bounding at running velocities for the simulated machine, which is expected due to the general preference of animals for the gallop over the bound.
Heglund and Taylor [26] have developed approximate equations for the trot-to-gallop transition speed, the preferred galloping speed, and the maximum sustained galloping speed of animals as a function of mass. These relations predict a trot-togallop transition speed of 3.34 m/s, a preferred galloping speed of 5.22 m/s, and a maximum sustained galloping speed of 6.97 m/s for an animal with mass equivalent to the simulated machine (36.0 kg).
Although no data are currently available for the simulated machine in a trot gait, Fig. 11 suggests a trot-to-gallop transition speed between 3.0 and 4.0 m/s would seem likely due to the rapidly increasing energy costs of galloping at lower speeds. The predicted trot-to-gallop transition speed for an equivalently sized animal falls within this range. Additionally, animals typically begin galloping at Froude numbers between 2 and 3 [22] . A trot-to-gallop transition speed of 3.71 m/s may then be computed from (1), based on a Froude number of 2.0 and a leg touchdown length of 0.7 m. This speed also falls within the expected range.
The preferred galloping speed of 5.22 m/s corresponds closely with the minimum of the specific resistance curve in Fig. 11 , which may explain the reason for its selection. While specific resistance remains relatively constant over normal running speeds, the average power required increases significantly with speed, as illustrated in Fig. 12 . The maximum achievable velocity is thus limited by the amount of available power.
VI. MECHANICAL DESIGN
To experimentally verify the intelligent control approach developed in this work, a quadrupedal vehicle is currently being developed. The machine, roughly the size of a large goat, is specifically intended to operate in a gallop, but should be capable of other gaits as well. While it may initially be operated with an umbilical cable providing off-board power, the long-range goal is to construct a self-contained quadruped. Therefore, the design features electric actuation with dc servomotors in anticipation of implementing rechargeable batteries as the on-board power source. Prior to construction of the full quadruped, an individual prototype leg is being built for experimental verification of the dynamic simulations. Fig. 13 illustrates the prototype leg under construction.
As in the control approach for the model, here the hip is actuated only in the return phase with a dc servomotor and a single-stage timing belt drive. The drive train is needed to achieve the torque required for leg return, and the single stage reduction is preferable to allow the free rotation while the leg is in stance.
Unlike the simulated telescoping leg, the prototype leg is articulated, featuring a shank and a thigh connected by a revolute knee joint. The compliance in the leg is achieved with mechanical extension springs placed across the knee joint. The knee is actuated with a DC servomotor by means of a cable drive inspired by the design of a bow leg hopping robot [35] . The cable attaches to the shank near the foot, passes over a pulley on the hip axis to prevent coupling of the two joint motions, and attaches to the drive motor fixed in the leg frame. In this way, the weight of the leg is minimized by effectively locating the heavy motor inside the body. The energy that is required to compensate for losses is provided by storing energy in the extension springs while the leg is in return, and releasing it when the leg is in stance. This is similar to the simulation model, where energy is injected through the leg springs by thrusting the linear leg actuators.
VII. SUMMARY
A new fuzzy systems approach to the control of high-speed, quadruped galloping and bounding gaits has been presented. The approach is unique in that the fuzzy controller begins with no control knowledge, but only a few heuristics to guide its learning.
The fuzzy controller is shown to outperform a modified Raibert controller by overcoming some of the Raibert controller's deficiencies. In particular, the MRC has large velocity errors at high speed due to the built-in assumption that velocity is constant during the stance phase. Additionally, the MRCs decoupled control of height and velocity can lead to problems as these quantities are dependent. The fuzzy system leverages the heuristics used by Raibert to design controllers, while learning the coupled effects of height and velocity and greatly reducing velocity errors.
Herr and McMahon [13] have recently proposed an alternative control approach in which the legs are passive, with energy added at the hip and removed at the shoulder. In our work, however, energy is controlled based on the successful strategy of Raibert [2] . Herr and McMahon [13] also propose that the fore and hind limbs should be phase-locked. This was not required by the controller in this work in order to stabilize running. However, it could provide a useful mechanism by which to reduce energy losses at foot impact by matching the foot velocity to the ground. Perhaps future controllers will result in a fusion of the two approaches.
The behavior of the model used in this paper displays a number of similarities to that of animals, suggesting that the controller takes advantages of some of the same natural dynamics animals use to gallop efficiently at high speed. Notably, the results for stride period and specific resistance are consistent with biological results.
Continuing work on the control of a quadruped gallop at The Ohio State University (OSU) and Stanford University has shown some of the strengths of the intelligent control system developed here, and some of the needs for further development. The basic control system has been successfully implemented on the experimental prototype leg discussed in the previous section [36] . While adjustments had to be made to account for the sensor and actuator dynamics, as well as the real-time control system of the prototype leg, the leg performed stable running on a treadmill moving at 2 m/s. Of course, instantaneous leg thrust is not possible with nonideal actuators so that energy was stored in the leg springs during the return phase of the leg cycle. It was subsequently released on touchdown. This worked very effectively with the single leg, but indicates an area of further work when implementing a gallop in the full quadruped.
In further continuing work at OSU [37] , we have also investigated more complex models in which the mass distribution of the body is asymmetric (toward the front), the legs are articulated, and the hip and shoulder actuators are powerful enough to provide either braking or forward thrust during the stance phase of the leg. The results indicate that the front legs tend to perform braking by increasing their touchdown angle with increasing speed while acting passively during stance. This is consistent with our assumption here that the shoulder torque is zero during stance. However, for the hind legs, forward and upward thrust seems to be necessary to stabilize the pitch motion and achieve the desired forward velocity. An intelligent controller for a vehicle with asymmetric body mass will probably need to be adjusted to account for this.
Future work with the mechanical quadruped, once construction is complete, should provide even more insight into the benefits and characteristics of galloping at high speeds.
